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Abstract—The derivation of an accurate small-signal model for a gal-
vanically isolated, bidirectional DC-DC converter and the implementation
of a corresponding controller on a digital signal processor (DSP) as well
as key methods and functions required for the digital implementation are
detailed in this paper. The investigated DC-DC converter, an automotive
Dual Active Bridge (DAB) system enables power transfer between a low
voltage port (ranging from 11V to 16 V) and a high voltage port (240 V
to 450 V). The nominal power rating is 2kW. The developed small-signal
model yields highly accurate results for the DAB system, but the proposed
modelling procedure could also be applied to arbitrary resonant power
converters with unidirectional or bidirectional power transfer.

[. INTRODUCTION

Accurate dynamic models for power converters are of great im-
portance during the compensator design process in order to achieve
a stable converter operation and a high control performance. Un-
fortunately, nonlinear components — such as switches and diodes —
are inherent to switching power converters and thus the effort to
derive system transfer functions is considerably higher than the work
required for the analysis of linear systems.

For a power converter system with defined input and output control
variables, the dynamic system behaviour typically depends on the
operating point, which determines the steady state values of the
characteristic system variables (e.g. inductor currents, capacitor
voltages). A disturbance applied to any control input may deflect
the characteristic system variables from their steady state values,
which in turn causes the output variables to change. This change
is typically linearized at the operating point in order to determine
the small-signal transfer function. In the literature, a large number
of different methods on how to obtain a small-signal converter
model, is described. Well known methods are circuit averaging
or state space averaging [1]. However, these two methods assume
negligible current and voltage changes during the switching period
Ts and can not be used for the investigated Dual Active Bridge
(DAB) converter (Figure 1), since the currents in the required
high frequency transformer change significantly during 7’s. Thus,

a method developed for resonant power converters [2] is employed
for the DAB. With [2], a precise discrete time model results, which
is perfectly suited for digital control.

The presented work discusses the derivation of a discrete time,
small-signal model for a 2kW bidirectional DAB converter with a
low voltage (LV) port (V1 ranging from 11V to 16 V, nominal voltage:
Vi = 12V) and a high voltage (HV) port (V> between 240V and
450V, nominal voltage: Vo = 340V) including EMI filters. It has
been designed for a hybrid electric vehicle application in order to
enable bidirectional energy transfer between the conventional 14-V
power distribution system and the high voltage DC bus (e.g. in a
power system architecture according to Fig. 2 in [3]). The DAB
mode of operation is briefly described in Section II, the small-signal
model is derived in Section III, and the employed control loop is
discussed in Section IV.

Circuit Component Value
Cpc1 20000 uF
Ry 7 m$2
Ly 100 nH
Cr 1000 uF
n 24
I 31 puH (phase shift modulation) or
20.6 uH (alternative modulation)
R 1.0Q2
Cra 33uF
Lyaq 20 uH
Ran 10 m§2
Lfgb 10 LLH
Ryoyp 3.1Q
Cpco 100 uF

Table I: Values of the filter components in Fig. 1 for phase shift

modulation and alternative modulation. Resistor R considers the DAB

conduction losses and is connected in series to L [4]; resistor Rya, is
connected in series to Lyo, and models its copper losses.
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Figure 1: Dual active bridge (DAB) converter with low voltage (LV) and high voltage (HV) side EMI filters.
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Figure 2: Transformer voltage and current waveforms for phase shift
modulation and nominal operation (V3 = 12V, Vo = 340V, P> =
2kW), n = 24, and power transfer from the LV to the HV port.

II. CONVERTER

The investigated DAB converter in Figure 1 consists of two full
bridge circuits, which are connected to a high frequency transformer
and a converter inductor L. EMI filters are included on the low
voltage side as well as on the high voltage side in order to meet
the specified EMI requirements; the component values are listed in
Table I, the employed switching frequency is fs = 100 kHz.

In order for the DAB to transfer power, time varying voltages
vr1(t) and vz (t) must be provided from the full bridge circuits to
the high frequency transformer and the converter inductor L. Possible
values for vri(t) are

+uvp(t)  for (T1, T4 on, Ty, T3 off)
for (T1, T3 on, T2, T4 off) or
t — b & b 1
vri(t) O for (To, T4 on, Ty, Ts off) @
—vp1(t)  for (T2, T3 on, Ty, Ty off)

(provided that the full bridges are ideal; failure modes — e.g. bridge
leg short circuits — are not considered). Similarly, vr2(¢) is equal to
one of +vysa(t), 0, and —vs2(t) depending on the switching states of
Ts, Te, T7, and Tg. According to Figure 1, the voltage difference
between n - vr1(t) and vr2(t) appears across L which generates the
current

. _ 1"

’LL(tl) :ZL(to)-i-Z/ (TL'le(t) —ng(t))dt, to < t1 (2)
to

at the time ¢, starting with an initial current iy (¢o) at time ¢o. The

expressions for the instantaneous power on LV and HV side are

pi(t) = n-vr(t) - in(t) and pa(t) = vre(®) -in(t), (3)

for the DAB without EMI filters and when transformer magnetization
current and DAB converter losses are neglected. The average power
values over one switching cycle Ts = 1/fs are finally calculated
with
1 to+Ts 1 to+Ts
P == / pi(t)dt and P» = — / p2(t)dt. (4)
TS to TS to
Most often, one or more out of three main possibilities are employed
to adjust the power level of the DAB converter:
o adjustment of the phase shift ¢ between vri(t) and vra(t),
o duty cycle modulation of vz (t) and vr2(t),
« switching frequency variation.
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Figure 3: Transformer voltage and current waveforms for the alternative

modulation and nominal operation with power transfer from the LV to

the HV port. The inductor current iy, is slightly negative during time
interval IV in order to enable HV side soft switching.

The most common modulation principle, the so called “phase
shift modulation” operates the DAB at constant switching frequency
and only varies the phase shift ¢ in order to achieve the required
power transfer. For phase shift modulation, maximum duty cycles
are selected for vy (t) and vr2(t), hence vy (t) is either —uvy1(t) or
vr1(t) and vra(t) is either —uvg2(t) or vya(t). Typical waveforms
for the inductor current and the transformer voltages during one
switching period are depicted in Figure 2 when the DAB transfers
power from the LV port to the HV port at the nominal operating
point (Vi = 12V, Vo = 340V, P, = 2kW). Obviously, the
DC component of the inductor current vanishes over one switching
cycle T's, which is required in order to avoid saturation of the high
frequency transformer. The inductor current repeats every half cycle
with reversed sign, ir(t + T's/2) = —ir(t), since the phase shift
time 7}, and the DC supply voltages V7 and V> remain the same
during the first and the second half cycle (time intervals I, II and
III, IV in Figure 2, respectively). Therefore, only the first half cycle
(intervals I and II for phase shift modulation) needs to be considered.

The great advantage of the phase shift modulation is its simplicity:
only a single control variable, the phase shift angle ¢, is required to
arbitrarily transfer power according to

n-Vi-Vorp-(m—lo)) _ 7 ™
272 fsL T sesy O
Disadvantages of this modulation are the limited operating range
where low switching losses occur (soft switching range, see [5]) and
a large amount of reactive power in the high frequency transformer
which may occur for certain working points when the DAB is
operated within wide voltage ranges [6].

In order to increase the converter efficiency, an alternative mod-
ulation method has been investigated in [7] and [6], which not
only adjusts the phase shift between vr1(¢) and vro2(t) but as well
changes the duty cycles. The resulting inductor current and the
transformer voltages are depicted in Figure 3 for the nominal oper-
ating point. This alternative modulation scheme enables significantly
higher converter efficiency compared to phase shift modulation for
most operating points within the given voltage ranges. The cost for
better converter utilization is mainly the higher complexity: now a
single half cycle consists of four different time intervals (compared
to two different time intervals for phase shift modulation) which are
simultaneously adjusted with three timing parameters 74, 15, and 7.

P =P =
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Figure 4: Investigated control structure with voltage and current control loops for power transfer from LV to HV port; gate signal generation (FPGA)

as well as power electronics and measurements are sampled with sampling time T4, therefore these three transfer functions need to be resampled

to 10Tpap. The modulator output T/ (z) depends on the employed modulation scheme. For phase shift modulation T/ (z) = T, for the alternative
modulation Th(z) = (T, Ts, T3)T.

III. SMALL-SIGNAL MODEL

Most blocks of the proposed control structure (Figure 4) are
implemented in a Digital Signal Processor (DSP). This includes
digital voltage and current controllers, as well as the modulator
function (Gyodprs or Gyoarr) Which is used to calculate the required
timing values for the DAB (e.g. T}, for phase shift modulation based
on (5)) with respect to the desired controller set value I3 yoq and
the selected modulation scheme. Variations of these timing values
dynamically alter the transferred power of the DAB power stage.
The resulting changes of the filter currents iz (¢), ir2(¢) and the
filter voltages vy1(t), vz (t) are obtained from the DAB small-signal
model (the voltages Vbci1 and Vo remain approximately constant
during one switching period T’s, since very large filter capacitors
Cpci and Cpee are considered).

The full control diagram (Figure 4) indicates two transfer functions,
that need to be determined in order to further investigate the control
loop: the control to output transfer function Gpg of the DAB and the
transfer function of the modulator.

A. DAB Power Stage, Phase Shift Modulation

Phase shift modulation is the most simple as well as the most
common modulation method for the DAB. Therefore, the small-signal
transfer function is first derived for this basic modulation scheme.

The small-signal calculation method outlined in [2] regards a single
half cycle (e.g. 0 < t < Ts/2 in Figure 2) and separately considers
the time intervals between two switching events (time intervals I
and II in Figure 2). Within these time intervals, the time domain
expressions for all system state variables (i.e. all time varying
inductor currents and capacitor voltages) are required in order to
determine its sensitivity on input signal variations. For the employed
method, the state variables at the end of a half cycle are compared to
the state variables at the beginning of the corresponding half cycle.
This allows for the formulation of the control to output transfer
function in discrete time domain.

Prior to the derivation of the transfer function, system inputs and
outputs must be defined. Clearly, the timing parameter 7, is an input
to the dynamic system. Additionally, the voltages Vpc1 and V> may
be considered as inputs as well. The proposed system outputs are
the filter current ip2(t) = ip2q(t) + ir26(¢) and the filter voltages
n - vp (t), vg2(t). Further, it is reasonable to collect the system state

variables in a state vector
R . . . T
Z=(ir ip/n ifa if2 MU Up2) . (6)

In a next step, the time domain expressions for the system state
variables need to be derived. These expressions remain the same
during the time intervals indicated in Figure 2, however they may
change at each switching time instant. For the sake of clarity the
time domain expressions during each time interval ¢ are combined to
one single function

fos.i(Tim1, At) = (in.i(Tic1, At) g i(Zio1, At)/n
i520,i(Tim1, At)  dpopi (i1, At) @)
nvflﬁi(fifl,At) 'Ufz,i(fifl,At))T.

In (7), At denotes the time within the considered time interval and
#;_1 contains the initial values, so fps;(Zi_1,0) = #_1; the index
“PS” denotes the phase shift modulation, the index ¢ specifies the
considered time interval. The analysis considers two different time
intervals for phase shift modulation (Figure 2),

i=1: 0<At<T,, (8)
i=2: T, <At+T,<Ts/2. )

The derivation of the time domain expressions in fps ;(Z;_1, At) is
associated with a considerable calculation effort and is preferably
carried out with a mathematical software tool which allows for
symbolic evaluation (e.g. Mathematica, Maple).

In steady state, the system state vector Zs(¢) (index “St” stands for
“steady state”) repeats cyclically every switching period. The steady
state values of Zs;(¢) are obtained from

-1 0 0 0 0 O
0 1 0 0 0 O
- Ts 0 0 1 0 0 0] .
Tst (tJF ?) =lo 00 1 0 0 'l'St(t)’ (10)
0 0 0 0 1 0
0 0 0 0 0 1
since the DAB inductor current iy, (¢) changes its sign every half cycle

in steady state [2] whereas the signs of the filter inductor currents and
capacitor voltages remain the same after one half cycle. In order to
solve for Zs(¢t) in (10), the time domain expressions for Z(t+Ts/2)
are required as a function of Z(¢). The derivation of these expressions
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is described based on the switching sequence shown in Figure 2 and
starts with the unknown values in Z(¢ = 0). With (7) and ¢ = 1, the
general expression for Z(t) at ¢t = T, is equal to

f(Tw) = _f’psﬁl(ii"(),Tw) with Zg = f(O) (1)

Att = T, the switches T, T, T7, and Ts change and time interval
II starts. Since capacitor voltages as well as inductor currents can not
change instantaneously, the initial conditions of time interval II are
equal to the final state variable values of time interval I, 1 = Z(T,).
With the time domain expressions for all state variables during time
interval II the state vector at the end of the half cycle becomes

#(Ts/2) = fps2 (¥, Ts/2 — T,) =
fPs,2 <?Ps,1 (5(0), T¢) ,Ts/2 — T¢>.
The steady state values are then obtained from the equation sys-
tem (10) with (12), Zs(t) = Z(¢), and t = 0.
Besides for the calculation of the steady state, (12) as well forms

the basis for the derivation of the discrete time small-signal model
with sampling time

(12)

TDAB:T5/2:5LLS. (13)

The proposed model considers small-signal deviations of the system
state variables Z(¢) about the steady state Zs;(t),

Z(t) = &(t) — Ta(t) (14)

(the symbol “”” denotes small-signal variables), by reason of three
different kinds of excitations:

o variations of the state variables due to prior excitations of input
variables: Zo = #(0) = Z(0) — ¥5(0)

o LV and HV voltage changes: ¥y,0 = (nVbhc1(0) Va(0))T

« excitation of the control input: éps o = 1}, (0)
It is important to note, that the proposed discrete time model
considers an excitation of any of these variables exactly at the
beginning of the half cycle and calculates the respective values of
the system state variables at the end of the half cycle. Consequently,
all changes of the input variables 7,0 (¢) and éps,o(t) that occur for
t > 0 are not at all considered in fv’(T pag). This limitation only
regards transfer functions with continuous time input signals such
as Vb (t), Va(t). It does not affect the control to output transfer
function in a digitally controlled system, provided that the digital
controller is synchronized to the power electronics, so Ty, (¢) changes
exactly at t = k - Tpag, k € No.

The small-signal deviations Z(7pag) at the end of the half cycle
are then obtained from a linear approximation [2],

-%(TDAB) ~ A - )+ Bps - ¢ps,o+ C - 'l:fg,o, (15)

whereas the three terms A - ffo, Bps - ¢ps,0, and C - 1%970 express the
small-signal deviations of the state variables at t = Tpap as a result
of excitations in o, Cps,0, and ';79,0, respectively. The expressions
for A, Bps, and C are given in Appendix A-A.

Expression (15) allows for the derivation of the required small-
signal transfer functions: according to [2] and Appendix A-B, the
z-domain control to output transfer functions are calculated with

GPEPpsis
BCX;lPE,PS = | Grepsyy, | = E" - (zoas] - QRAQ) ™" - QRBps,
GPEPS
(16)
_ Sgn(ZL’O) 195’ _ -1 1x5 i (17)
6x6 591 515 06 5x1  5X5

7.0A / in(kTp 1), sm‘l_
i (kT ), calc.
7./2 DAB
6.5A A AR AN
i AR L AR L AN
— (1), sim.
6.0A
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t [ms]

Figure 5: Simulated and calculated step response of iz (t) for phase shift

modulation, a time step of 100ns, nominal operating point, and power

being transferred from the LV to the HV port. The circuit simulator

generates a continuous time waveform iy, (¢) which is sampled after every

half cycle, ¢t = k - Tpap, in order to facilitate the comparison to the step

response obtained from the discrete time small-signal transfer function
GPEPs iz, -

and ZDAB — GSTDAB.
In order for Gpg,ps to contain all control to output transfer func-
tions for the output variables Ir2(zpag), m Vi1 (zpag), and Via(2zpag),

G prps = It2a(20a8) + Iran(z0as) 1 Vii(zoa8) Vi2(zpas)] "
3x1 T (2paB) To(zpa8) T (2paB) -
the matrix E* in (16) becomes
0 0 1 1 0 O
E'=[0 00010 (19)

00 0 0 0 1

The small-signal transfer functions in (16) have been verified for
various operating points with results from a circuit simulator (e.g. the
control to output transfer function Gpgypsylﬂ in Figure 5). Simulated
and calculated results show very good agreement for all investigated
operating points.

B. DAB Power Stage, Alternative Modulation

When the DAB converter is operated within wide voltage ranges,
its efficiency drops significantly for certain operating points when
phase shift modulation used (i.e. for Vo/Vi < n or Vo/Vi > n).
The average DAB converter efficiency is considerably increased
with an alternative modulation scheme [6], which is based on the
modulation scheme with Triangular and Trapezoidal transformer
current [7] (index “TT” denotes all variables regarding the alternative
modulation).

The derivations of the small-signal transfer functions for phase shift
modulation and alternative modulation are very similar. However,
phase shift modulation requires only one control input 77, whereas
three control inputs 7%, 7%, and 75 are needed for the alternative
modulation.

Figure 3 depicts typical voltage and current waveforms for the
DAB with alternative modulation. Again, one single half cycle is
segmented into the time intervals where no switching occurs:

Interval I (: = 1): 0< At < T7,
Interval IT (i = 2): 0 < At < Ty,
Interval III (z = 3): 0 < At < T3,
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Interval IV (Z = 4) 0< At < Ts/2 — (T1 + 715 + Tg)
This together with (6) and the time domain expressions for all state
variables within time inverval 7, ?TT,i(f¢,17 At), (cf. (7)) facilitates
the derivation of the system state values at the end of the half cycle,

#(Ts/2) = frra(Frrs(Frre( i (20), Th), T2), T3), Tu)
(20)

whereas Ty = Ts/2 — (Th + T> + T5).

The solution to the equation system formed with (10) and (20)
determines the steady state values for Zg(t) = Z(t) at t = 0.

Equation (20) as well denotes the starting point for the small-signal
transfer function derivation. In contrast to the phase shift modulation,
the control input variable is now vector valued,

rro = (T1(0) T2(0) T3(0))":

the small-signal vectors Zo and 1:1’9’0 remain unchanged. Conse-
quently, the system states at the end of the half cycle can be
approximately calculated with

@n

(Tpap) ~ A - Zo + Brr - Erro + C - Ty 0. (22)

(A, Brr, and C are derived in Appendix A-A). The control to output
transfer functions are collected in the matrix

3stl)E,TT = [éps,rm Grerr2 éPE,TT,B] , (23)

Grprrs = ([f2a (zpag) + Ip2v(zpas) nVii(zoag)  Vi2(zpas) ) T
o T;(zpag) T;(zpaB) Ti(zpag) )’
(z = 1,2, 3) which is derived based on (22) with (17) and (19),

G per = E" - (zoasl - QRAQ) ' - QRBrr.  (24)

The small-signal transfer functions in (23) have been verified with
a circuit simulator. Very good agreement between simulation and
calculation has been obtained for all investigated operating points
(e.g. for nominal operation in Figure 6 which shows the step
response of the control to output transfer function Gpgrr1,1,, with
input Ty (ZDAB) and output IfQ(ZDAB)).

C. Modulator

The modulator calculates the control variables depending on the
applied modulation scheme, the set current 204, as well as the

measured values n‘_/fl and ‘_/fQ, obtained from nVy; and Vya. The
modulator function for phase shift modulation,
cps = Ty = fvoaps (12,m0a(t), nUs1(t), Tr2(1)), (25)

is derived in time domain from (5) for a lossless DAB. The expres-
sions for the alternative modulation,

Gr= (T To T3)" = ?Mod,TT(iQ,Mod(t), nup (t), vr2(t))  (26)

become rather large though, hence their evaluation in the DSP is
avoided. Instead, precalculated values stored in DSP memory tables
are used together with the fast linear interpolation algorithm presented
in Appendix B. Since the modulator function is static, the small-
signal transfer function is simply determined with the respective
derivatives at the operating point. For phase shift modulation the
transfer functions become

Ofmodps  Ofmoaps  Ofmodps
G Modps = — = — 27
133 ModPS {azwod A(nvs) 02 ] @7
and for the alternative modulation
anod T 8?Mod TT 8fMod T
G = : : : . 28
3 Mod,TT { Disawd o) D07 ] (28)

7.0A . .
z/,_,(kTDAB), sim.

iﬂ(kTD 4p)> calc.

il sy O NTE T LY
6.5A “‘\/\J‘H‘W} J}M( HH T
TR TR AN
TRy
COA i,(2), sim.
0 0.05 0.1 0.15 0.2
t [ms]

Figure 6: Simulated and calculated step response of ig(t) when the
alternative modulation is applied with a time step 77 = 100ns - o (%)
and Ty = Tg = 0, nominal operation, and power being transferred from
the LV to the HV port. The continuous time waveform iy (t) is again
sampled after every half cycle in order to facilitate the comparison to the
step response obtained from the discrete time small-signal model.

Gwmoaps and Gmea,rr are evaluated at the operating point with given
12,M04 and the steady state values of U1 and ¥y which are obtained
from Z(0).

1V. DAB DIGITAL CONTROL LOOP

In the given laboratory setup, the DAB output voltage is controlled
(e.g. Vj2 in Figure 4 for power transfer from LV to HV). The
proposed control loop consists of an inner loop with a Pl-controller
Gl that controls I72(z) and an outer loop with another PI-controller
Gy which controls the output voltage. Depending on the power
transfer direction, the output voltage can be either V2 (z) for power
transfer from the LV port to the HV port or n V1 (z) for the opposite
direction (the voltage control loop may be replaced by a voltage
inspection algorithm in the final application where batteries are
connected to LV and HV ports).

According to Figure 4, the current controller G¢; outputs 2 yoa(z)
and connects to the modulator Gmoea (either Gumoaps OF Gmod,TT,
depending on the employed modulation algorithm). The modulator
then calculates the DAB timing parameters in order to achieve the
required power transfer. Since the current controller solely operates
on the difference between I72(z) and I .f(z), Gpag is a single input,
single output transfer function with set current input > aoq(z) and
HV side current output 2(z). However, there is internal feedback in
the transfer function Gpag, since n V1 (z) and V2 (z) are required for
the modulator; this must be considered in order to determine Gpap.

Except for the DAB small-signal transfer function matrix Gpg
(equal to Gpgps or Gpgrr), all transfer functions in Figure 4 are
part of the digital system and either reside in the DSP or in the
FPGA. Relatively simple z-domain transfer functions result for the
modulator Gmoa (Section III-C), the time delays Gra,psp, Gra,rpca,
and Grrg,measure, the moving average filters Hriiter and Hay, as well as
for the controllers G¢cy and G¢;. This section focuses on the transfer
function details in order to allow for the derivation of Gpap. The
obtained transfer function is finally compared to a transfer function
based on a simplified DAB model that allows for a significantly
reduced calculation effort.
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A. System Sampling Rate

The small-signal model of the power stage results in a z-domain
transfer function with sampling time 7pag. Due to the required DSP
calculation time, the DAB timing parameters are only updated every
10 Tpas, therefore the DSP sampling time is

T =10Tpas = 50 s, z=e"". (29)

Hence, all transfer functions with faster update rate, such as Gpg and
voltage and current measurements (Figure 4), need to be resampled
according to Appendix C.

B. Time Delays

The implemented software acquires three measurements during one
calculation period 7" in order to achieve higher noise immunity. The
resulting time delay in Grdameas 1S 107pap for the first measure-
ment, 8 Tpap for the second and 6 Tpsp for the third measurement.
Additional time delay is caused from the FPGA (Grqrpca), Which
requires another 27psp in order to apply the new timing values to
the power electronics. FPGA and measurement time delays sum up
to a total time delay of 127 for the first measurement, and 107" and
8T for the two subsequent measurements. The DSP calculates the
average of the three measured values and
ZD_AIB2 + ZEAlao + zl;ASB el

3 PE
results for that part of Gpsp which is updated with the higher
sampling rate Tpap (Figure 4). This transfer function finally needs to
be resampled to the system sampling rate 7" according to Appendix C,

(30)

GPE,measure (ZDAB ) = (ZDAB )

GPE,measure (ZDAB) — Gr,PE,measure (Z ) . 3D

resample

The DSP causes another time delay of 7" in order to carry out all
calculations, therefore

Grapsers(z) = 27, (32)
Grapsprr(z) = diag (2_17 2_17 2_1) s (33)
for phase shift or alternative modulation, respectively.

C. Moving Average Filters

The z-domain transfer function of the implemented /N-th order
moving average filter,

LN

Hag(2) = & Z@ P (34)
calculates the average over N previously measured values
z(0), (T)...z((IN —1)-T); the present software implementation
uses N = 5. The moving average filter is applied to Iy2(z),

nVsi(z), and Vja(z). The filter regarding Iyo is included in Gpag
(Section IV-D), and the feedback transfer function Hpjer contains
the remaining two filter functions,

HFilter(z) = dlag (HAvg7 HAvg) . (35)

D. DAB Control Plant Gpag, Simplification

The transfer function Gpag is calculated according to Appendix D,

Gpas = T2/ Iz m0a = Havg (Goo + GorH (I — GyH)™' Gy),
(36)
with Goo, Gor, Ger, and Ggg given in (56). According to Figure 4
and Figure 12, G and H become

G = GrpEmeasure,ps - Grapsers - Guod,ps,

37
H = Hpritter 37)

6.75A : 6.75A :
in(kT), calc. in(kT), sim.
| e
6.50A —F 6.50A — |
6.25A J 6.25A J
6.00 A 6.00 A
0 02 04 06 038 0 02 04 06 038
a) t [ms] b) t [ms]
6.75A ‘ 6.75A ‘
in(kT), calc. in(kT), sim.
| _f—’——'_"
6.50 A 6.50A
6.25A J 6.25A
6.00A 6.00A
0 02 04 06 08 0 02 04 06 038
©) t [ms] d) t [ms]

Figure 7: a) Calculated and b) simulated step response of Ifs/I2 poa =

Gpag/ Hayg for phase shift operation; c) calculated and d) simulated step

response of Iy /I3 yoq When the alternative modulation is applied. The

DAB is operated at nominal conditions with 2kW being transferred from
the LV to the HV port.

for phase shift modulation and

G = GrpEmeasure,rT * GTapsprT - GMod,TT,

38
H = Hpitter (38)

when the alternative modulation is employed.

Gpap has been verified at various operating points using a circuit
simulator; simulated and calculated step responses match very well
for all investigated operating points, which is illustrated for nominal
operation in Figure 7.

In the presented system, all time constants of the EMI filters
are significantly smaller than the time delay caused by the digital
controller. The question may arise, whether a simple DAB converter
model would be sufficiently accurate in order to design current
and voltage controllers. For steady state operation, the employed
modulator functions Gwmoeaps Or Gmoarr already generate almost
correct timing parameters, i.e. ng ~ I2 moqa - G'r4 (deviations occur
due to the interpolation error and parasitic hardware components;
Gra considers the time delays caused from DSP, FPGA, and mea-
surement), so the DAB converter in Figure 1 may be replaced with
the two current sources in Figure 8. However, the simplified model
may fail when I y,q changes, since the current Iy2 depends on the
actual values of nV; and Vo as well. In Figure 9, the frequency
response of Gpap (phase shift modulation, nominal operation) is
compared to the frequency response of the simplified transfer function
Gpa.simp derived from the circuit depicted in Figure 8. Obviously,
the frequency response obtained from the simplified model differs
only little from the accurate model which is mainly due to the digital
controller’s time delays. Thorough investigations have shown that
the simplified model and the accurate model match very well for
phase shift modulation and alternative modulation as well as for all
inspected operating points.

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on January 4, 2010 at 02:49 from IEEE Xplore. Restrictions apply.



+ 0

Vi Cpar Vi(z) == Ci @

O

=D ooa'Gra Vol Vi

Lrop(2) Lrap Rypop
—— - H

Iry(2)
+

v 12a(2) Lyza
.

+0O

b poa"Gra

& G 1)

CDCZ = V2

O

Figure 8: Simplified circuit of the DAB: current sources replace switches, inductor L, and transformer; for a lossless DAB, the accurate current for

the source on the left side would be equal to Z{i2 poa(t) - vf2(t) /vp1(t)} - Grg Which is approximately equal to I2 y,q(2) - Grq - V2/ Vi for constant

voltages V1, Vo and when filter losses as well as variations of Vi1 and Vi are neglected. Since the simplified circuit contains no switches, it can
directly be analyzed by means of Laplace- or Z-transform.

E. Current and Voltage Controllers

A constant output voltage is assumed since the load is considered
as a voltage source, connected in parallel to the DC blocking capac-
itor. Therefore, and due to the modulator function (25) or (26), the
DAB transfer function Gpap is independent of the current operating
point; Gpap at nominal operation is considered for the design of
current and voltage controllers.

For the current controller in Figure 4, a standard PI controller is

Gain [dB]

0 T [TTI0
-5 ‘x , GI)A B,simp
-10
-15
20
25 |/
-30 \‘
-35
40 |

10 20 50 100 200 500 1k 2k 5k 10k

JHz]

Phase [°]

180
135

90 \
45

0 =
T GI)A B,simp

-45 SN
- 90 Gpas
- 135 \
- 180
10 20 50 100200 500 1k 2k
J/Hz]
Figure 9: Frequency response of the accurate and the simplified transfer
functions Gpap and Gpag,simp» respectively.

5k 10k

proposed’,

z— (1 - T/Ti,[)
z—1

with gain K, ; and cut-off frequency w; ; = 1/7; 1. Consequently

the open loop transfer function

Fo.r = Ger - Gpas

Gogr =Ky 1 (39)

(40)

results. Since the transfer function Gpap is similar to that of a
low-pass filter, the following design method is proposed in order to
achieve a high bandwidth of the closed current loop transfer function:

1) Calculation of the controller cut-off frequency such that \GDAB|
at w;,7r is 3dB lower than the DC gain, i.e. |Gpagp(zi,1)| =
|GDA3(ej'())\/\/§ with z; 1 = eIwia T,

2) The controller gain K, ; is determined in order to achieve a
given phase margin ®r. First, the z-Parameter zs, needs to
be determined where the open loop phase equals —180° +
[OF°% arg(FoJ(z(pR)/Kp,[) = —180° + dr. With this, the
controller gain K, ; = |K,,1/Fo,1(2a5)| can be calculated.

With ®p = 60°, the controller parameters K, ; = 0.42 and
T;,1 = 129 ps result for the given system setup; in Figure 10 the
step response of the closed current control loop is depicted.

The direction of power transfer determines the voltage that needs
to be controlled: this is V7 for power transfer from the HV to the
LV port, and V> for the opposite direction. In the given system V;
and V> are not measured, therefore the approximations Vi ~ Vjp;
and V5 = Vo are used in order to design the voltage controller (this
approximation is sufficiently accurate for the voltage control loop,
since the EMI filter time constants are much smaller than the control
loop time constants). The voltage controller again consists of a PI
controller with transfer function

Goy = Kp)vz —(1- T/TLV).

z—1

For power being transferred from the LV to the HV port, the
controlled current Iy> flows into the output capacitor Cpc2 and the
load. The plant transfer function for the voltage controller then
consists of the closed current loop transfer function, the capacitor
Cpca, and the load connected to the HV port. When the direction
of power transfer changes (HV to LV), then the current Iy, which
is not measured in the given system, flows into Cpcq and into the

(41)

IThe digital PI controller is obtained from its continuous time counter-
part [8].
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Figure 10: Unity step response of the closed current control loop; a rise
time of less than 500 us is achieved.

load connected to the LV port. However, Iy, can be approximated
with Iy - Vo / Vi for control purposes, since losses are rather low and
the capacitance of Cpc1 is comparably large. The transfer function
of the closed current loop again exhibits low-pass characteristics
but the output capacitor, as well as the load in case of a voltage
source type load, add an integration stage to the plant. For this
type of plant, the “symmetric optimum” design method [9] is
proposed in order to design the voltage controller (in the case of
a resistive load, the no-load operation depicts the worst case for the
voltage controller design). A phase margin of ®r = 75° leads to
Ky, v =71mA/V and T; ; = 14.5 ms with the step responses of the
system depicted in Figures 11 for no load and for a load resistance
of 58 Q =~ (340 V)% /2kW.

V. CONCLUSION

To develop an accurate small-signal model for a DAB converter,
a precise knowledge of the modulation method is required and the
EMI filters need to be included in order to consider their interactions
with the DAB. However, simplified converter models may be used
in order to facilitate a less extensive controller design, since the time
delay of a digitally controlled system causes a significant phase lag,
which is considerably larger than the power converter’s phase lag.

In this paper, two small-signal models for the DAB including EMI
filter and different modulation schemes are derived. Further, the
structure of the digital control system (including the most relevant
algorithms), a simplified DAB model as well as the controller design
are extensively described.

Even though the focus is on the DAB, the proposed small-signal
model derivation method as well as the given digital control structure
could easily be extended in order to enable precise control of arbitrary
resonant power converters with unidirectional and bidirectional power
flow.

APPENDIX A
SMALL-SIGNAL MODEL

A. Matrix Expressions (from [2])

The state space matrix A for phase shift modulation (15) contains
the derivatives of all system state variables at the end of the half cycle,
Z(t = Tpag), with respect to the state variables at the beginning of

12V — :
Lov —— Vzl(kT)’ no lo‘ad
08V / Vo(kT), Py=2kW, V2,=340V
0.6V
0.4V
02V

0

0 10 20 30 40 50

t [ms]

Figure 11: Unity step response of the closed voltage control loop for
no-load operation and for 2kW output power at 340 V output voltage.

the half cycle, Z(t = 0),

r Oir dig, dig, dig, dig, ir, ]
Oir,0 9O(if1,0/m) Oifaa,0 Oifap,0 O(nvrr o) Ovpzo
O(ip1/n) O(ipr/n) O(ipr/n) 9(ipi/m) O(ipr/n) O(ig1/n)
dir0 9O(if1,0/m) difaq,0 Oigap0 9(nvpr0) 9Ovpa o
Oifaa Oifaq Qifaqa Oifaqa Qifaqa difaa
. dir, 0 9O(ig1,0/m) Oifaa,0 Oifap,0 9(nvpr o) Ovpao
A:tilzIrI[}AE Bigny,  Bipap  Digay,  Dipay  Digay  Bigap |
Oig,0 O(if1,0/m) Oifaa,0 Oifap,0 O(nver o) Ovez o
9(nvp)  O(nvpr) 9(nvp) 9(nvpr) 9(nvp)  I(nvpr)
diro 9(if1,0/n) Oifaa,0 Oifap,0 O(nvfr,0) Ovpao
Ovga Ovyg Ovya Ovya Ovya Ovya
diro 9(if1,0/n) Oifaa,0 Oifap,0 O(nvr1,0) Ovpao
(42)

and is evaluated at the steady state operating point Zs;(0). Bps and
C contain the derivatives of (¢ = Tpag) with respect to the input
variables,

dir, 7] [ 9ig dig,
aT“,,() oVy o 3V21()
9(if1/n) 9(if1/n) O(if1/n)
9Ty 0 V1,0 Va0
Qifaqg ifaqa Oifaq
. 9Tp,0 i V1o Va0
Bps :tllirrﬂ dipy, | and C:t_l)l%n Bipsy  Bipyy, |- (43)
DAB | BT, o DAB .o V2.0
9(nvyy) 9(nvp) 9(nvyr)
9Ty 0 V1,0 oVa o
Ovya Ovya Ovyag
T, 0 aVy o oVa o

For the alternative modulation (22), A and C are again derived
according to (42) and (43), only Bps changes to Brr,

diy, dip, dig,
9T1 0 9T20 9T3,0
9(ig1/n) O(ifr/n) O(if1/n)
9T 0 T3 o T30
Difag Qifag Qifaq
. 9T 0 9Tz o 9T3,0
Brr = 11%n Dipay,  Dipap  Diga (44)
=
PAB 9T o 9T2o 9130
d(nvp) d(nvpy) 9(nvpp)
9T1,0 9Tz o 9T3,0
Ovya Ovpa Ovpa
9T1,0 9T2,0 9T3,0

Bps, Brr, and C are again evaluated at the steady state operating
point Zg(0).
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B. Small-Signal Transfer Function

The z-domain control to output transfer function is derived with
equations (71) and (74) in [2],

G =ET (2o — Q(k)RP (k) AP (k)Q(k)) ' - Q(k)RP (k)Bs.
(45)

with R defined in (17) in this paper, an integer number £ and

(-1D* 0 [(=1)" - sgn(iz0) O
P(k): 1x5 , Q(k)): 1x5 )
6x6 I 6X6 0 I
5x1 5x5 L 5x1 5x5
(46)
The products P(k)Q(k) and Q(k)RP(k) are equal to
—sgn(ir,o) O )
QRRPHR) = | o [ =QOR,
5x1 5x5
(47)

sgn(ir,0) 10

P(k)Q(k) = x5 = Q(0) for k € Z,

5x1 5x5

and thus independent on £ which allows for the simplified represen-
tation (16), (17).

APPENDIX B
FAST LINEAR INTERPOLATION ALGORITHM

The modulator functions discussed in Section III-C contain three
parameters. Consequently, a 3-D table is required to store the basic
values; an appropriate algorithm then interpolates the function values
between the basic values.

In order to develop the 3-D interpolation algorithm, the proposed
interpolation algorithm is first discussed based on the data of a 2-D
table with z- and y-axis and is then extended to 3-D. For the sake
of clarity, the input values to the underlying 2-D function f(z,y)
are confined to 0 < x < 1 and 0 < y < 1 with four surrounding
basic values £(0,0), £(0,1), £f(1,0), and f(1, 1), obtained from the
2-D table. The interpolated function values at x = 0 and x = 1 are
calculated using linear expressions,

£(0,) = £(0,0) + [£(0, 1) — £(0
£(1,y) = £(1,0) + [f(1,1) —

0]y,
£(1,0)] - y.

The obtained values f;(0,y) and fi(1,y) are then used to calculate
the interpolated function value f;(z, y),

fi(I,y) = fl(ovy) + [fl(lvy) - fi(07 y)] - T

This method can easily be extended to a 3-D function f(x,y, z)
with0 <z <1,0<y <1,and 0 < z < 1 as well as 8 surrounding

(48)

table values £(0,0,0) ... f(1,1,1),
£i(0,0, z) = £(0,0,0) + [£(0,0,1) — £(0,0,0)] - 2,
fi(0,1,2) = £(0,1,0) + [£(0,1,1) — £(0,1,0)] - z,
£(1,0,2) = £(1,0,0) + [f(1,0,1) — £(1,0,0)] - 2,
fi(1,1,2) = £(1,1,0) + [f(1,1,1) — £(1,1,0)] - 2,
fi(0,y,2 (0,0, 2) + [£(0,1, 2) — £i(0,0, 2)] - y,
1 173/72 - 5072 + [fl(la 172) - fl(1707 Z)] Y,
fi(z,y,2) = 1£i(0,y,2) + [fi(1,y,2) — £i(0,y,2)] -z 49)

The calculation of f;(x, y, z) requires a total of 7 multiplications and
14 additions or subtractions.

Xin
X,

Yous
4

H

Figure 12: Single input, single output system with internal feedback used
to derive Gpap.

APPENDIX C
SAMPLING RATE REDUCTION

For a given discrete time system with sampling rate 7', step
response function h(kT), k € Ny, and corresponding z-domain
transfer function G(z), the transfer function G,(z) with increased
sampling time 7} = N-T, N € N and similar step response function
hr(KT,) = h(kENT), is derived.

The original z-domain transfer function

a(z)
b(z)

contains two polynomials a(z) and b(z) with constant and real
coefficients and deg (a(z)) < deg (b(z)).

Based on the relation between the i-th pole ps; of a continuous
time transfer function and the ¢-th pole p.; of the corresponding
discrete time transfer function [10],

G(z) = (50)

Pz = ePsi T 51)
the i-th pole pr.,; of G(z) can be expressed as
Prag = et = PN = (52)

The method discussed in [10] then represents a simple way to
obtain the numerator a,(z) of G,(z) based on the step response
hr(KT,) of the corresponding time domain function which is equal
to the step response of the already known function h(knT') for kn =
N -k (this can be achieved with the Matlab command d2d as well).

APPENDIX D
DERIVATION OF G'pap

For the sake of clarity, the derivation of Gpsp is based on a
simplified single input, single output system with input X;, and
output Yy, in Figure 12. It contains the multiple input, multiple
output transfer function G(z) in the forward path and H(z) in the
feedback path. Vector X denotes the input of G(z),

- >\ T - n
f=(xu £7) . X er (53)
with the system input value X, and internal system values in )?T.
The output of G(z),
> % >T\T o m
V=G K= (Yo V) . Yoer™ (54)
contains Y, and another set of internal system values Y, that denote
the input values of H(z). The output of H(z) is then equal to X,,

(55)
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in order to close the feedback loop. The transfer function matrix G
is split up into

GOO 1GOr

. Xn
G= GsO Gsr (56)

mx1 mxmn

With (53), (54), (55) and (56) the system output value 17%, and the
vector Y, become

Your = GooXin + Gor X = GooXin + GoHY, (57)
Y. = G Xi + Ga X, = GoXin + G HY, (58)

and thus .
Ys = (I — Ger)_l GsOXin- (59)

Based on (57) and (59) the system transfer function Gpag results in
Gpap = You/Xin = Goo + GoeH (I — GoH) ' Goo.  (60)
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